OBJECTIVE: To assess chlorhexidine absorption and skin tolerability in premature infants, following skin antisepsis with 2% aqueous chlorhexidine gluconate (CHG) prior to peripherally inserted central catheter (PICC) placement. STUDY DESIGN: Neonates less than 32 weeks gestation had skin cleansed with CHG prior to PICC placement. CHG concentrations were measured on serial blood samples. Skin integrity was evaluated for 2 weeks after CHG exposure. RESULT: Twenty infants were enrolled; median gestational age was 28 2/7 weeks (range 24 3/7 to 31 4/7). Ten infants had detectable serum chlorhexidine concentrations (range 1.6 to 206 ng ml À 1 ). Seven of these infants had their highest serum concentration 2 to 3 days following exposure. No CHG-related skin irritation occurred in any infant. CONCLUSION: CHG was detected in the blood of preterm infants receiving CHG skin antisepsis for PICC insertion. Highest serum concentrations occurred 2 to 3 days after exposure. Further investigation is needed to determine the clinical relevance of CHG absorption in preterm infants.
INTRODUCTION
Chlorhexidine gluconate (CHG) is a topical antiseptic widely used for skin antisepsis in adults and older children. 1 The Centers for Disease Control and Prevention recommend cleaning the skin with chlorhexidine before placement of central venous catheters, as numerous studies have demonstrated reduced catheter infection rates following CHG skin preparation compared with alternatives such as povidone iodine. 2 However, 'no recommendation can be made for the safety or efficacy of chlorhexidine in infants aged o2 months due to limited safety data. 2 Despite this, CHG is frequently used in neonatal intensive care units (NICU). 3 The US Food and Drug Administration recently approved changes to the safety labeling of chlorhexidine products for use in infants, now stating 'use with care in premature infants or infants under 2 months of age. These products may cause irritation or chemical burns.' 4 It is not known how this labeling change will have an impact on the use of CHG in neonates.
Trace amounts of CHG can be absorbed through the skin of adults and term neonates. [5] [6] [7] [8] [9] [10] [11] There are no reported adverse consequences as a result of this absorption. 12 Preterm infants, especially in the first 2 weeks of life, may be at increased risk of skin irritation and absorption due to immature skin with increased permeability. The objective of this study was to assess CHG absorption into the bloodstream, following skin antisepsis for central venous catheter placement in preterm infants.
METHODS Subjects
This pilot study was performed to measure CHG absorption into the blood of preterm infants following topical exposure. The Institutional Review Board approved the study. Informed consent was obtained from the parents of participating infants. Eligible subjects included any infant born o32 weeks' gestation admitted to the Johns Hopkins Hospital NICU or the Johns Hopkins Bayview Medical Center NICU who was anticipated to have a peripherally inserted central catheter (PICC) placed while the infant was at least 48-h old and o14 days of age. Infants were excluded if they had a pre-existing skin condition, significant congenital anomalies or a planned PICC insertion in the scalp. The study was performed under an investigator-held US Food and Drug Administration investigational new drug license (IND 99 754).
Skin preparation
Enrolled infants had their skin cleansed prior to placement of a PICC with a 2% aqueous-CHG-impregnated cloth (Sage Products, Cary, IL, USA). Each cloth contains 500 mg CHG. The infant's extremity used for PICC insertion was first washed with soap (Gentle Rain Extra Mild, Coloplast, Minneapolis, MN, USA) and water, as part of our standard protocol. A CHG cloth was folded into quarters and one quarter was used to cleanse the infant's extremity in order to limit the total dose exposure. The extremity was cleansed with the CHG cloth using an up and down motion. The skin site was then allowed to dry for 1 min prior to PICC-insertion attempt. The CHG was not wiped or washed off of the skin prior to PICC-insertion attempt. The nurse placing the PICC changed sterile gloves after cleansing the skin with the CHG cloth and before PICC insertion to prevent cross contamination of the PICC with CHG. If the PICC attempt on the first extremity was unsuccessful, a second extremity was cleansed with a new 1 CHG cloth in the same fashion for a subsequent PICC insertion attempt. The second attempt had to be within 1 h of the first PICC attempt if the CHG cloth was also used on the second extremity. No more than two extremities on any infant were exposed to CHG. If two PICC attempts were unsuccessful, subjects were considered exposed and maintained in the study, but the standard povidone iodine skin preparation was used for any further PICC insertion attempts. Of note, CHG is not used in our NICUs for any purpose in preterm infants who are o4 weeks of age.
Skin assessment
The skin site or sites exposed to CHG were inspected daily by the bedside nurse through the transparent PICC dressing, and assessed for any erythema or irritation. In addition, a study team member inspected the site at least once in the first 48 h after exposure, and at least once in the 72 h following the first inspection. Skin sites were monitored until the first catheter dressing change or for 14 days, if catheter insertion attempt was unsuccessful at that site. A contact dermatitis score was assigned daily for each skin site using a five-point scale. 7 A study team member was notified for any skin erythema or irritation and a skin reaction form was completed. If any erythema was noted, its size and location were documented, and then monitored daily by a study team member.
Data and sample collection
Data collected on each infant included gestational age, birth weight, gender, date and time of CHG exposure, and catheter insertion attempt, number of skin sites exposed, catheter location, number attempts of catheter placement, and laboratory values including AST, ALT and creatinine, both before and 3 to 5 days after CHG exposure. Infants were followed for any evidence of a bloodstream infection until their PICCs were removed.
Blood samples were collected 1 to 2 h and 6 to 12 h after CHG exposure. Residual samples from routine blood draws before CHG exposure and 448 h after CHG exposure were also collected. Samples were stored at À 80 1C and analyzed in two groups. An interim analysis was requested by the US Food and Drug Administration and performed on group 1 (11 infants). Following this interim analysis, an additional blood sample was drawn at 48 h after CHG exposure in group 2 (nine infants) and a residual sample was collected 472 h after exposure. To prevent cross contamination of blood samples with residual CHG on the skin, blood was drawn from an extremity that was not exposed to CHG.
Serum CHG concentrations
Serum CHG concentrations were determined using liquid chromatography-tandem mass spectrometry (LC-MS/MS) (William Clarke, Johns Hopkins University School of Medicine). Samples from group 1 infants were analyzed using a three-point calibration curve. The limit of quantitation was 12.5 ng ml À 1 using a 0.25 ml sample of whole blood. Based on concentrations detected in group 1 infants, samples from group 2 infants were analyzed using a six-point calibration curve, with a limit of quantitation of 1.0625 ng ml À 1 using a 0.25 ml sample of whole blood.
RESULTS
Twenty preterm neonates were exposed to CHG, and 11 were male. The median gestational age was 28 2/7 weeks (range 24 3/7 to 31 4/7) and median birth weight was 925 g (range 630 to 1735). The median chronologic age at the time of exposure was 5 days (range 2 to 11). None of the pre-exposure samples had chlorhexidine detected. A total of 64 post-exposure blood samples were analyzed. Overall, 10 of the 20 infants had detectable chlorhexidine concentrations in their blood; 4 infants in group 1 and 6 in group 2 ( Table 1) . In group 1, 5 of the 30 samples had detectable chlorhexidine (Table 1 ) and concentrations ranged from 16 to 274 ng ml
, with a limit of quantitation of 12.5 ng ml À 1 . In group 2, 13 of the 34 samples had detectable chlorhexidine (Table 1 ) and concentrations ranged from 1.6 to 54.4 ng ml À 1 , with a limit of quantitation of 1.0625 ng ml À 1 . For 7 of the 10 infants with detectable chlorhexidine concentrations, their highest measured concentrations occurred between 2 and 3 days after exposure (Figures 1a and b) . There was no correlation between chlorhexidine serum concentrations and gestational age, birth weight or chronologic age at the time of exposure.
Only three infants had two PICC placement attempts, with two extremities exposed to CHG. The remaining 17 infants had only one extremity exposed and one PICC placement attempt. Two of the three infants with two extremities exposed had no detectable chlorhexidine concentrations, and one had detectable concentrations at all time points following exposure. PICC placement was not successful in 4 of the 20 infants. Three of these infants had no detectable concentrations, including two who had two PICC attempts and two extremities exposed, and the fourth infant had the highest reported levels after only one extremity was exposed. There was no evidence of increased transaminases (AST and ALT) following CHG exposure. One infant had an increase in creatinine from 0.9 mg dl À 1 pre-exposure to 1.6 mg dl À 1 4 days after exposure; however, this infant had been treated for sepsis and hypotension just prior to CHG exposure, and subsequently developed acute renal failure with anuria and reversal of diastolic flow in the left renal artery. None of the other 19 infants showed increased creatinine levels from pre-to post exposure.
There were no catheter-associated bloodstream infections in any infant. One infant born to a group B Streptococcus (GBS)-positive mother developed late-onset GBS bacteremia 13 days after PICC placement and CHG exposure. One infant had a positive blood culture for Coagulase-negative Staphylococcus 7 days after PICC placement. The blood culture was drawn secondary to cardiorespiratory events and a repeat blood culture prior to starting antibiotics was negative.
There was no evidence of CHG-related skin toxicity in any infant. One infant had a small area of mild erythema just lateral to the bioclusive PICC dressing, but not under the dressing or on any other surrounding skin that had been exposed to CHG. This infant required multiple PICC dressing changes within the first few hours after PICC placement secondary to line positioning, and irritation was thought to be secondary to repeated bioclusive dressing removal.
DISCUSSION
Our results show that CHG is absorbed into the bloodstream of some preterm infants after a single exposure to CHG, and that higher concentrations for an individual infant tend to occur 2 to 3 days after exposure. There are only three other published studies documenting CHG absorption in preterm infants o32 weeks' gestation after topical exposure. [5] [6] [7] Collectively, these three studies report chlorhexidine concentrations in 17 preterm infants o32 weeks' gestation, with concentrations ranging from 0 to 214 ng ml À 1 . 13 However, none of these infants were o27 weeks' gestation and only five had levels drawn within the first 2 weeks of age. The current study provides absorption and tolerability data for infants o32 weeks' gestation exposed to CHG within the first 2 weeks of life.
Our study and previous studies in preterm infants used different CHG concentrations and formulations, different methods of exposure (for example, whole-body bathing vs umbilical cord application), different laboratory assays for detecting chlorhexidine and a varied number of exposures, making it difficult to compare the studies. Despite these differences, all studies found low concentrations of chlorhexidine in the blood of preterm infants following topical exposure.
Although there is evidence that CHG can be absorbed following topical exposure in neonates, there are no data on the clinical relevance of trace CHG absorption. There are no safety data exploring what is a tolerable blood chlorhexidine concentration and no data demonstrating above what level there may be adverse consequences. There are several in vitro studies demonstrating toxicity to various cell lines following direct exposure to CHG. 13 One in vitro study reports L1-mediated neurite outgrowth inhibition after direct exposure to CHG concentrations that have been detected in the bloodstream of neonates following topical exposure.
14 The in vivo implication of these in vitro studies is unclear. Lethal doses of chlorhexidine following oral ingestion and intravenous administration have been reported in animals, 15 however, there are no reported serum concentrations of chlorhexidine that correspond with these lethal doses. There are several studies in full-term infants and adults demonstrating safety and tolerance after chlorhexidine exposure, and no reports of adverse consequences following chlorhexidine absorption. 12 Preterm infants have developing neurologic systems and immature drug clearance, potentially increasing their risk for adverse consequences and lowering the chlorhexidine concentration at which these consequences may occur. To date, all studies reporting lack of adverse outcomes rely on short-term hospital outcomes. The long-term impact of CHG absorption has not been examined.
Our study does suggest that there could be delayed or ongoing cumulative absorption of CHG from the skin of preterm infants. We observed that most infants with detectable serum chlorhexidine concentrations had their highest measured concentrations 2 to 3 days after exposure. Chlorhexidine is a cationic biguanide that strongly binds to protein in the outermost layer of the skin, which contributes to its effectiveness as an antimicrobial agent. 16 Hexachlorophene, another antimicrobial agent that leaves a residue on the skin, has also been shown to have delayed absorption in neonates. 17 A study evaluating the absorption of hexachlorophene in preterm infants after a single whole-body application of pHisoHex (Sanofi-Adventis, Bridgewater, NJ, USA) on the first day of life demonstrated peak blood levels of hexachlorophene 2 to 4 days after exposure. 17 In addition, these levels were found to be much higher than the levels observed in full-term infants who underwent the same application of pHisoHex. 17 Whether washing off the CHG after application decreases absorption while maintaining adequate antimicrobial properties is unknown. Skin irritation is the most common reported adverse event after CHG exposure. 13 Preterm infants born o34 weeks' gestation have immature skin that takes 2 to 3 weeks to mature to that of a term infant. 18 This ineffective epidermal barrier leaves these infants susceptible to skin damage and absorption from potentially harmful substances. 19 Several cases of skin burns in preterm infants of 24 to 26 weeks' gestation have been reported after exposure to alcohol-based CHG preparations. [20] [21] [22] [23] There have also been case reports of skin burns and skin irritation in preterm infants o48 h of age after exposure to aqueous-based CHG solutions. 24, 25 In our study, we used a 2% aqueous-CHG cloth and did not find evidence of any CHG-related skin irritation. Neonates in our study were at least 48 h of age, however, which may have helped avoid any potential skin irritation. It has been suggested that wiping any excess CHG off the skin after application with normal saline may reduce the risk of skin irritation, 25 however, skin burns have been reported even after cleansing the skin with saline after exposure. 22 Given these reports, precaution should be used when using chlorhexidine products in preterm infants, especially in the first few days of life.
Infants in our study were not eligible for exposure to CHG in the first 48 h of life. This exclusion was due to two concerns: (1) previously documented risk of burns in preterm infants after CHG exposure in this time period, and (2) concern for increased risk of absorption of CHG shortly after birth due to minimal cornification of the skin. It is unclear whether CHG absorption in the first 48 h of life would be increased or similar to the results in preterm infants after 48 h of age, although there was no association of increased CHG absorption with younger age at insertion in our study. The use of CHG in the first 48 h of life in preterm infants, such as for umbilical line placement, needs further safety evaluation.
A few important considerations should be made when interpreting these data. Preliminary results led to recalibration of the laboratory detection assay to a six-point calibration that resulted in a more analytically sensitive assay with respect to limit of quantification, but with a reduced calibration slope. Therefore, the quantitative results from group 1 infants may have been overestimated, but residual blood samples were not available to rerun on the recalibrated assay. In addition, this study included a small number of infants that received limited CHG exposure during a specific time period of 2 to 14 days of age. As infants were not followed until there was no detectable chlorhexidine in the blood, a true peak concentration cannot be determined, and further studies are needed to elucidate the exact pharmacokinetics of CHG.
CHG is detected in the blood of preterm infants receiving CHG skin antisepsis for PICC insertion. The potential risk of CHG in neonates must be carefully balanced by potential benefits. CHG has lifesaving applications for neonates around the world, including umbilical cord care to reduce neonatal mortality. 26 As CHG use increases in hospitalized patients, further studies are needed to determine the clinical relevance of CHG absorption in this vulnerable NICU population.
